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An interferometer is a useful diagnostic tool for measuring line-averaged electron density but is lim-
ited in its use because it generally measures at a fixed location. We report here a spatially translatable
fiber-coupled interferometer that measures the density of a high-speed MHD-driven plasma jet collid-
ing with a target cloud. The interferometer uses a He–Ne laser coupled to a polarization-maintaining
single mode optical fiber having a vacuum feedthrough. The interferometer provides a measure of
the spatial-temporal profile of the line-averaged electron density from which the change in jet veloc-
ity as a result of its collision with the target cloud can be deduced. Published by AIP Publishing.
https://doi.org/10.1063/1.5007070
I. INTRODUCTION
Laser interferometers are commonly used to measure the
line-averaged electron density1–5 of laboratory plasmas. The
interferometer measures a plasma-induced phase shift from
which the line-averaged electron density is deduced using a
presumed laser beam path length through the plasma. Because
the interferometer requires only a low-level signal, a continu-
ous laser can be used so the density time-dependence is mea-
sured. An example of such an interferometer is given in Refs. 5
and 6 where the density of a 50 km/s MHD driven jet was mea-
sured over tens of microseconds with sub-microsecond time
resolution. In contrast, Thomson scattering requires a pulsed
laser and so measures density at a single time only; however,
this is a point measurement rather than a line-averaged mea-
surement. Thomson scattering apparatus is much more compli-
cated and expensive than a laser interferometer.
Besides being limited to a line-averaged measurement,
another drawback of standard laser interferometer systems is
that the laser beam location is fixed1,3,4 so that measurement
of the spatial dependence of the density is not possible unless
multiple laser beams are used as, for example, in the multi-
chord fiber-coupled system described in Ref. 3. While a multi-
chord system provides spatial resolution, it increases the cost
and complexity of the optical system and the spatial resolution
is limited by the number of chords used.
We describe here a single-chord interferometer that pro-
vides arbitrary spatial resolution. This interferometer was
developed to measure the increase in electron density that
occurs when an MHD-driven magnetized plasma jet collides
with a target gas cloud. The purpose of this measurement is
to investigate the scaling of the adiabatic compression pro-
posed for magnetized target fusion.7–9 The collision in the
experiment simulates the compression of magnetized plasma
resulting from an imploding liner. The simulation involves a
change of frames where the stationary target cloud represents
the imploding liner and the MHD-driven plasma jet repre-
sents the plasma being compressed by the liner. Because the
location where the collision occurs varies depending on initial
conditions, it is desirable to have an interferometer that can
measure the time-dependent density at an arbitrary location.
The spatially translatable heterodyne interferometer described
here uses a polarization-maintaining, single-mode optical fiber
mounted on a vacuum feedthrough. By adjusting the location
of the interferometer beam in the vacuum chamber, the spatial
profile of the line-averaged electron density is measured. The
multi-point spatial-temporal measurement reveals not only a
density increase when the jet impacts the target cloud but also
a quantitative measurement of the substantial reduction in jet
velocity when this impact occurs.
II. EXPERIMENTAL SETUP
The experiment is performed in the 1.4 m diameter, 1.6 m
long cylindrical vacuum chamber shown in Fig. 1.5,10 The
chamber is much larger than the jet or the cloud so there are
negligible plasma interactions with the chamber wall. A Carte-
sian coordinate system {x, y, z} is used with the z axis along the
direction of the symmetry axis of the cylindrical vacuum cham-
ber; this is also the direction of the jet flow. The z direction will
also be referred to as the axial direction. The term “poloidal”
will be used to refer to the r and z directions of a magnetic
field as conventionally used in cylindrical coordinates.
The jet6,10,11 originates at concentric coplanar disk and
annulus electrodes; the electrode axial position defines z = 0.
The disk electrode is 20 cm diameter, and the annulus electrode
inner diameter is slightly larger than 20 cm so there is a gap
between the electrodes; the annulus outer diameter is 51 cm.
A bias coil behind the disk electrode creates an initial dipole-
like poloidal magnetic field that links the disk and annulus
electrodes. Neutral hydrogen is puffed into the vacuum cham-
ber from 8 gas nozzles on the disk electrode and from 8 nozzles
on the annulus electrode. A capacitor bank charged to a nom-
inal 4.5 kV breaks down the hydrogen gas to form plasma.
Initially, 8 plasma loops are formed each of which spans from
a nozzle in the disk to a nozzle in the annulus. These loops
form along the initial poloidal magnetic field and reveal the
dipole shape of the initial field. The collection of 8 loops has a
shape similar to the 8 legs of a spider.11 The radially inner parts
of the 8 spider legs merge to form the MHD jet. This jet prop-
agates in the z direction away from the electrodes and the jet
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FIG. 1. Schematic of the vacuum chamber, PM: polarization-maintaining
single-mode optical fiber.
self-collimates via MHD forces.12 The target cloud consists of
argon gas puffed from a side tube13 located at z = 370 mm. The
jet collides with and ionizes the argon cloud. There is a large
difference between the jet velocity and that of the argon cloud.
The jet is accelerated to ∼50 km/s by MHD forces, whereas
the argon cloud expands at the 0.25 km/s thermal velocity of
room temperature argon. Thus, the argon cloud can be con-
sidered stationary relative to the jet, and the z location of the
jet-cloud collision can be controlled via the timing of the argon
gas cloud puff valve.
The hardware providing the axially translatable interfer-
ometer beam is sketched in Figs. 1 and 2. This hardware
consists of an optical fiber located inside a 19 mm stainless-
steel tube (shown as orange in Figs. 1 and 2), a U-shape
supporting structure (shown as green in Fig. 1), a plane mir-
ror, and a concave mirror. The fiber14 is single-mode and
polarization-maintaining with a 4/125 µm core/cladding diam-
eter. A multi-mode fiber was used in an initial attempt to
construct the interferometer, but this did not work because the
multi-mode configuration greatly limited the extent to which
the beam could be collimated. This insufficient collimation
resulted in substantial beam divergence so the signal became
FIG. 2. Schematic of the vacuum compatible optical fiber and the vacuum
feedthrough (not scaled).
too weak. Polarization maintenance turned out to be critical
because the signal intensity depends on the polarization and
jumps in polarization of a non-polarization maintaining fiber
adversely affected the signal. The optical fiber couples to vac-
uum at the end of the 19 mm stainless steel tube via an O-ring
sealed vacuum feedthrough located at the left end of the orange
tube sketched in Fig. 2. The 25 mm plane mirror is installed at
the bottom of the U-shape structure using vacuum-compatible
mirror mounts.15 This mirror is at 45◦ so as to deflect the beam
by 90◦ so that the deflected beam propagates perpendicular to
the z axis.
The beam propagates through the plasma and then reflects
from the concave mirror mounted at the top of the U-shaped
structure. The reflected beam bounces off the 45◦mirror and re-
enters the optical fiber. Thus, the interferometer beam makes a
double-pass through the plasma, first going up and then going
down. Initial attempts to construct the interferometer used a
retroreflector instead of the concave mirror, but it was found
that in this case the signal was weak because the divergence of
the reflected light greatly reduced the amplitude of the reflected
beam. This problem could not be alleviated by using a col-
limator. The concave mirror allows the beam to be slightly
divergent on exiting the fiber because the mirror focuses the
beam back onto the face of the fiber, so the divergence is
effectively removed. The focal length of the concave mirror is
300 mm, and the distance from the optical fiber to the concave
mirror is 600 mm so the concave mirror produces a one-to-
one image of the fiber face onto itself. Fine-centering of the
reflected beam onto the fiber is accomplished by adjusting the
tilt angle of the concave mirror.
The laser beam was axially translated by axial motion
of the 19 mm stainless tube so that measurements could be
made at different values of z. The 19 mm stainless tube entered
the vacuum chamber through an O-ring sealed vacuum quick
disconnect that enabled axial motion. There was additional
mechanical support of the tube on the atmosphere side to
ensure straight motion in the z direction. The 19 mm stain-
less tube could also be rotated about its translation axis so
the laser beam could traverse different cross sections of the
plasma.
An initial design used a U-shaped structure constructed
of steel tubes. However, it was found that when the 19 mm
stainless tube was rotated about its axis, the U-shaped struc-
ture would deform enough to cause a substantial change in the
interferometer phase and amplitude. The change in amplitude
was presumed to result from a misalignment of the reflected
laser beam as consequence of a gravity-caused shift in the
location of the concave mirror relative to the rest of the optics.
To eliminate this gravitational problem, the U-shaped struc-
ture was reconstructed from T-shaped aluminum channel and
stiffened with diagonal plates.
The remainder of the interferometer consists of a He–Ne
laser, an optical isolator, an acoustic optic modulator, beam
splitters, mirrors, and a detector installed on an optical table
as described in Ref. 5. The opposite end of the 10 m long
fiber was brought to this table and was mounted on an optical
fiber launcher16 located on the optical table as shown in Fig. 3.
The laser beam splits into two paths: one is the scene beam
(beam going into the fiber and then coming back after double
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FIG. 3. Schematic of optics on the optical table for the interferometer, M1 ∼
M5: silver mirrors, BS: beam splitter, HWP: half wave plate, AOM: acoustic
optic modulator with 80 MHz.
passing through the plasma), and the other is the reference
beam. As discussed in Ref. 5, the reference beam length is
short, about 45 cm. The fiber launcher and mirrors M4 and
M5 were adjusted to guide the light from the laser into the
fiber with ∼40% transmittance efficiency.
The scene beam exiting the fiber reflected from the beam
splitter (BS) toward the detector. Mirror M2 and BS were
adjusted to superimpose the scene and reference beams. Mir-
ror M3 was adjusted to center the superimposed beams on
the detector. The reference beam is modulated by an 80 MHz
RF-driven acousto-optic modulator.
To summarize, the scene beam coming from the laser
enters the fiber at the fiber end on the optical table and exits
the other end of the fiber at the vacuum feedthrough at the
end of the 19 mm stainless tube. The scene beam then reflects
from the 45◦ plane mirror, traverses the plasma, reflects from
the concave mirror, traverses the plasma again, reflects again
from the 45◦ plane mirror, re-enters the fiber, and then exits the
fiber at the optical table. The double pass of the scene beam
makes the mechanical setup sufficiently simple and robust to
enable axial translation and rotation of the scene beam while
maintaining optical alignment. The 80 MHz signal from the
mixing of the scene and reference beams on the detector is
amplified and split into two by an RF power divider. One of
these two signals is mixed with an 80 MHz “cosine” reference
signal and the other with an 80 MHz “sine” reference signal
to obtain quadrature phasing. The cosine signal is a sample
of the original 80 MHz signal used to drive the acousto-optic
modulator while the sine signal is obtained by phase-shifting
this sample by 90◦.5
III. RESULTS
Figure 4 shows the interferometer quadrature signals from
a typical plasma shot. The time at which the plasma jet
intercepts the beam is indicated.
The plasma-induced phase change ∆φp can be deduced
from taking the inverse tangent of the ratio of the sine and
cosine signals. The electron density is then obtained assuming
that the plasma is centered on the z axis and using
FIG. 4. Quadrature signals.
∆φp =
e2λ0
4pic2me0
× 2
∫ L/2
−L/2
n(x, y, z)dx, (1)
where c is speed of light, me is the electron mass, 0 is the
permittivity of free space, e is the electron charge, L = 0.6
m is the beam traverse of the plasma, and λ0 = 632.8 nm is
the He–Ne laser wavelength. Figure 5 shows a measured time-
dependent density trace averaged over 3 shots when the MHD-
driven hydrogen plasma jet collides with the argon target cloud
at z = 300 mm. A line-averaged electron density 8 × 1021 m3
is measured. The very small shot-to-shot scatter shows that
the shots are sufficiently reproducible for axial scanning of
the interferometer position over a sequence of shots to be a
feasible method for determining the axial dependence of the
line-averaged plasma density.
Figure 6 shows electron densities obtained by translating
the interferometer in the z direction for a sequence of identical
shots where the hydrogen plasma jet collides with the argon
target cloud. The color map indicates electron density (cali-
bration by color bar on the side), and the asterisk indicates
the maximum density in the time-dependent density traces.
FIG. 5. Electron density trace in time with 3 shots averaged from shot 19 528
to 19 530. The errorbar indicates the standard deviation of the data taken over
3 shots.
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FIG. 6. ne measured by translating the interferometer from shots 19 510 to
19 611. Asterisks indicate maximum densities at each location. The red dashed
line is fitted using a linear function.
The horizontal axis is time, and the vertical axis is the z dis-
tance from the electrode. The peak density is 9 × 1021 m3 at
z ' 280 mm and t ' 7.5 µs. The experiment was optimized
for the jet and gas cloud to collide at 280 mm; this optimiza-
tion was achieved by varying the timing of the argon gas puff
valve so as to control the location of the argon cloud. Since the
density rise-time is fast (see Fig. 5) and Fig. 6 plots distance
versus time, the slope of the asterisks in Fig. 6 indicates the
velocity of the jet front. It is seen that the slope changes at
∼280 mm when the jet collides with the target cloud. Linear
fitting to the slope before and after the collision shows that the
jet velocity changes from ∼70 km/s before collision (i.e., at z
< 280 mm) to ∼20 km/s after collision (i.e., at z > 280 mm).
The slopes are indicated by the red dashed lines in Fig. 6. The
increase in jet density and the decrease in jet velocity clearly
show that the MHD-driven plasma jet is compressed when it
impacts the argon cloud.
IV. CONCLUSION
We have shown here a spatially translatable fiber-coupled
interferometer that measures the density of a high-speed
MHD-driven plasma jet colliding with a target cloud. The
interferometer uses a He–Ne laser coupled to a polarization-
maintaining single mode optical fiber having a vacuum
feedthrough. The interferometer provides a measure of the
spatial-temporal profile of the line-averaged electron density
from which the change in jet velocity as a result of its collision
with the target cloud can be deduced.
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